A comparison between throttled and unthrottled spark ignition combustion with residual enhanced HCCI combustion is made. Early intake valve closing and late intake valve closing valve strategies for unthrottled spark ignition combustion are evaluated and compared. Approximately 3-6 percent relative improvement in net indicated efficiency is seen when comparing unthrottled spark ignition combustion with throttled spark ignition combustion depending on valve strategy and engine speed. The relative improvement in efficiency from spark ignition combustion to HCCI combustion is approximately 20 percent for the conditions presented in this study. The rebreathing strategies have the highest efficiency of the cases in this study.
INTRODUCTION
Homogeneous charge compression ignition (HCCI) has been extensively investigated during the past decade due to the potential of achieving high efficiency in combination with low NOx and soot emissions. It was applied to two-stroke engines by Onishi et al. [1] in 1979 and in a four-stroke engine by Najt and Foster [2] in 1983.
For spark ignition (SI) engines, HCCI combustion can be achieved through trapping of hot residual gases. One way, first suggested by Willand et al. [3] , is to trap hot residual gases using negative valve overlap (NVO). The first results with NVO HCCI were presented by Lavy et al [4] . This combustion process was named Controlled Auto Ignition (CAI). The alternative to trapping the residuals is to re-induct the residual gases through the exhaust port after the exhaust stroke. This is referred to as rebreathing. For compression ignition engines, the HCCI hybrid concept is known as partially premixed combustion (PPC) [5] .
One of the main problems associated with traditional port fuel injected HCCI is the lack of an immediate combustion control actuator. The conditions for the subsequent combustion event are set at intake valve close timing. In addition, the power density is low and high load operation is difficult to achieve without penalty in high acoustic noise. Using either trapped or re-inducted residual gases, combustion is controlled with the valve timings. A method to achieve some additional control actuation and stabilizing effect is to apply spark assistance and was first reported by Koopmans et al. [6] . For PPC combustion the fuel injection timing is the main control actuator.
Hyvönen et al. [7] did a comparison with three multi-cylinder HCCI engines run on U.S. unleaded regular gasoline with different displacements and heated inlet air to control combustion phasing. All the HCCI cases, independent of engine size had about 40 % net indicated efficiency at 2 bar BMEP.
An improvement of fuel consumption up to 21.5 % comparing residual enhanced HCCI with conventional spark-ignited combustion was reported by Kulzer et. al [8] . A fuel consumption reduction of approximately 15-22% running in HCCI mode compared to stoichiometric SI mode was reported by Dahl et al. [9] .
The focus of this study is on the residual gas enhanced port fuel injected HCCI combustion in comparison with spark ignited combustion. The spark ignited combustion cases are run both with and without a throttle. In the cases when the engine is run unthrottled, intake valve close timing is used to control air fuel ratio. The compression ratio of the experimental engine is 16.5. This compression ratio is high compared to what is usually seen with CAI combustion engines, which operate with compression ratios between 10:1 and 12:1 [10, 11, 12, 13, 14] .
The questions addressed in this study are: What are the relative differences in fuel consumption and emissions between SI and HCCI? What are the relative differences between throttled and unthrottled SI? And what are the relative differences between different valve strategies for residual gas enhanced HCCI combustion cases?
EXPERIMENTAL APPARATUS ENGINE SETUP
The experimental engine is a Volvo D5 light duty engine. The engine is operating on only one of the five cylinders. The engine is equipped with a fully flexible pneumatic valve train system supplied by Cargine Engineering. The applicability of the Cargine valve train system was first demonstrated by Trajkovic et al. [15] . The valve actuators are placed on an elevated plate above the original diesel fuel injector (not used in this study) and are connected to the valve stems with push-rods. A spark plug is installed in the glow plug hole. The gasoline fuel (RON95) is port fuel injected. The fuel is Swedish commercial gasoline. The engine is run naturally aspirated without cooled external EGR. More engine specifications are listed in Table 1 . The completed piston crown is shown in Figure 1 . The piston crown design was inspired by a design presented by Tomoda et al. [16] . The design is made so that the new piston crown can be attached on top of a machined Volvo D5 piston using three screw holes as seen in the photograph.
No simulations or optical measurements have been acquired to quantify the disturbances on flow structure during compression. It is not expected that the combustion chamber geometry is optimal for the combustion processes in this investigation. Conclusions of engine performance parameters, such as emissions and efficiency, are based on relative magnitudes, not absolute. The engine and valve control software is executed on the target PC, which is a dedicated real-time system, NI PXI-8110, running LabVIEW real-time operating system. The PXI system is equipped with an R series multifunction data acquisition card, NI PXI-7853R, with FPGA hardware. The user interface is run on a separate host PC with Windows XP operating system. The host PC communicates with the target PC over TCP/IP. Pressure trace and valve lift curves are measured crank angle resolved with 0.2 crank angle degrees (CAD) per sample resolution. The cycle resolved data sampling is implemented on the FPGA hardware.
Inlet and exhaust pressures and lambda sensor are sampled at 1 kHz. The engine is run spark ignited and with HCCI combustion without spark assistance. The spark ignited cases have been run both with conventional valve timings ( Figure 2 ) with a throttle and with wide open throttle with late ( Figure 3 ) or early ( Figure 4 ) intake valve closings, controlling load with IVC. For the cases where either load or combustion phasing is controlled with valve timings, valve curves for both the minimum and maximum load operating points are shown in the same figure. From these figures, it can also be distinguished which valve parameters that have been variable between measurement points and which parameters have been constant.
For the spark ignited cases, combustion is stoichiometric. Combustion timing is controlled with spark timing and load is controlled with either the throttle or intake valve closing timing.
The valve timing calibration factors are, in most cases, automatically controlled and tuned in real-time by the engine control system. The calibration is based on a contact sensor in the valve actuator indicating valve lift after 1 mm displacement. The automatic calibration controller is not used when the EIVC SI valve strategy is applied. When the valve durations are too short the control strategy would have to be adapted to also include the valve lift actuator. This is not supported in the current version of the control system. 
Figure 4. SI EIVC valve lift curves
Different HCCI cases are evaluated and compared; trapping of residual gases using negative valve overlap (NVO), Figure 5 , rebreathing of residual gases using late closing of the exhaust valves, Figure 6 , or a second exhaust valve opening event during the intake stroke, Figure 7 , and finally using an inlet air heater, again, with conventional valve timings. The rebreathing strategy with late exhaust valve closing will be referred to as rebreathing strategy 1 (Reb1 
MEASUREMENT PROCEDURE
The engine is operated at 1500 rpm and 2000 rpm at attainable load conditions for HCCI combustion. Each operating point is sampled at stationary conditions waiting at least five minutes between measurement points after changing either a fuel or valve parameter. At least 500 cycles are recorded for each measurement point. Fuel consumption is measured for at least 6 minutes at a minimum of four operating points for each strategy. In this way the fuel injectors are recalibrated continuously. Engine load is varied in random order.
Valve timing parameters that are not actively used by the control system were optimized and fixed at operating point 1500 rpm 3.5 bar IMEPnet for each valve strategy. For the HCCI cases, measurement sweeps have been performed with varying combustion timings (CA50) but only the optimum in terms of indicated efficiency is presented. The SI combustion timings are set by manually advancing the spark timing until knock is clearly seen on the pressure trace. The spark timing is then retarded and set close to the detected knock limit. This procedure is repeated for all SI measurement points.
At 2000 rpm Reb2 is not included. At this engine speed, the second exhaust valve opening event would be too short to get a stable opening event with the current control system configuration, as explained previously.
RESULTS

PRESSURE TRACE AND HEAT-RELEASE ANALYSIS
Results based on measured cylinder pressure trace analysis are presented here. First, rate of heat release is presented, followed by combustion timing, combustion duration, COV of IMEPnet and finally pressure derivative. 
Figure 8. Collected rate of heat-release curves
The rate of heat-release is calculated from measured pressure trace data. The rate of heat-release curves, seen in Figure 8 , are the average curves of 500 consecutive cycles from the operating conditions 3.5 bar IMEPnet 1500 rpm and 2000 rpm. The x-axis crank angle interval of the 2000 rpm rate of heat-release figure have been set to have the same interval in time, starting from crank angle 0, as the 1500 rpm rate of heat-release figure.
The burn durations of the SI cases are significantly longer compared to the HCCI cases. Longer burn duration results in lower expansion ratio. The burn duration of the EIVC SI case is the longest, indicating low in-cylinder turbulence, hence slow flame propagation [17] . The shape of the 1500 rpm throttled SI case rate of heat-release curve is different compared to the EIVC and LIVC SI cases. This is because there are more knocking cycles. This is a consequence of insufficient spark timing retardation from the knock limit.
The characteristic rapid combustion of the HCCI cases is clearly seen in the same figure. The peak rate of heat-release is the highest, 74/72 J/CAD, for the pre-heated air HCCI cases, and the lowest for the Reb1 cases, 57/51 J/CAD for 1500 and 2000 rpm operating conditions, respectively.
The rate of heat-release does not change significantly from 1500 rpm to 2000 rpm for the HCCI cases. However, the longer burn duration in crank angle degrees, of the EIVC SI case in particular, result in an even lower expansion ratio.
The combustion timing is seen in Figure 9 . Combustion timing is defined as crank angle of 50% accumulated heat released (CA50). The CA50 timings of the spark ignited cases occur significantly later compared to the HCCI combustion timings. The combustion timing of the EIVC SI case has the most retarded combustion timing with CA50 at average 17 CAD ATDC at 1500 rpm and between 20 and 35 CAD at 2000 rpm. The combustion timings of the HCCI cases are stable with low standard deviation at all operating conditions. The standard deviations of CA50 of the spark ignited cases are higher compared to the HCCI cases indicating larger cycle-to-cycle variations. The combustion duration is seen in Figure 10 . The combustion duration is calculated from CA10 to CA90. The combustion duration of the spark ignited cases using a throttle and late intake valve closing are on average 18 and 20 CAD respectively. The combustion duration of the spark ignited case with early intake valve closing has the longest combustion duration with an average of 27 CAD at 1500 rpm and up to almost 40 CAD at 2000 rpm. The combustion duration of the HCCI cases are short in comparison with durations from 5 to 10 CAD. The coefficient of variation of IMEPnet is seen in Figure 11 . The COV of IMEPnet is highest for the EIVC spark ignited case and lowest for the pre-heated air HCCI case. Reasons for the high COV of IMEPnet for the EIVC SI case could be the long burn duration (low turbulence) and cycle-to-cycle variations of inducted fresh charge mass due to small variations of the intake valve close timings. Uneven distribution of fuel in the cylinder due to low turbulence leads to variations of equivalence ratio in the vicinity of the spark plug. Conditions in the vicinity of the spark plug, such as turbulent velocity fluctuations and length scales in the flow and equivalence ratio will influence the initial stages of the flame propagation process [18] . From the measured valve lift curves at a single operating point it is seen that the intake valve close timing varies ±2 CAD from cycle-to-cycle. There is then a variation in inducted air fuel mass which affects amount of heat released which in turn affect IMEPnet. Because of the short valve open durations, 65 CAD at 1500 rpm 3.2 bar IMEPnet and 71 CAD at 1500 rpm 4.4 bar IMEPnet, the IVC variations were more apparent for the EIVC SI case compared to the other cases.
For the pre-heated air HCCI case the COV of IMEPnet decreases up to 3.5 bar IMEPnet and then increases. With higher IMEPnet and a more rich air fuel mixture, the pressure rise rate becomes higher and in-cylinder pressure oscillations are apparent. It has been suggested that the pressure oscillations break the thermal boundary layer which increases heat losses. Cycle-to-cycle variations in pressure oscillations cause cycle-to-cycle variations in heat losses which affects IMEPnet [19] . The higher COV of IMEPnet of the residual gas dependent HCCI cases is inherent from the coupling of the combustion from previous cycle due to either trapping or re-induction of residual gases. At lower IMEPnet the residual gas temperature decreases which is compensated with a higher residual gas fraction which in turn leads to higher COV of IMEPnet. The COV of IMEPnet of the residual gas enhanced HCCI cases is close to the COV of the throttle and LIVC SI cases. For the pressure derivative, Figure 12 , there is a clear distinction between HCCI cases and SI cases. There is a small increase with load of the pressure derivative for the EIVC and LIVC SI cases. Depending on valve strategy, if the intake valves are closed either later or earlier to increase the load, the effective compression ratio is increased which leads to higher in-cylinder peak pressures. The intake air heater controlled HCCI case, with only air to dilute the fuel mixture, has the highest pressure derivative. 
EMISSIONS
Results based on analysis of measured emissions, lambda and exhaust temperature is presented here.
Lambda values are seen in Figure 14 . The target lambda of the SI cases is 1.0 (stoichiometric). With lambda 1.0, HC, CO and NOx emissions can be reduced with a three-way-catalyst. The SI cases were run with a small margin on the lean side so that the CO measurement instrument would not saturate. Lambda is the highest for the intake-air heated HCCI case because it is run air-diluted. The NOx reduction of the three-way-catalyst is not necessary because NOx emissions are low for the HCCI cases. High lambda values can then be tolerated for HCCI cases. For the residual gas enhanced HCCI cases (NVO, Reb1 and Reb2) a fraction of the residual gases are either trapped or re-inducted during the intake stroke. The amount of inducted fresh air per cycle is then reduced which is reflected in the lambda value. No estimation of residual gas fraction has been made but it is expected to be as high as 70-80% for low load operating conditions with low residual gas temperatures. Lambda does not decrease with load as fast for the residual gas enhanced HCCI cases compared to the air-heated HCCI case. The reason is that the residual gas temperature increases with load and the residual gas fraction is then decreased to keep combustion phasing constant. Amount of inducted air is then simultaneously increased as fuel amount (load) is increased which results in lower lambda decrease compared to the air-heated HCCI case. The net indicated specific HC and CO emissions are seen in Figure 15 and Figure 16 respectively. There is a linear decrease of net indicated specific HC with engine load for all cases and an exponential decrease of net indicated specific CO for the HCCI cases. Generally, for all cases, since the fuel is port fuel injected the major source of HC emissions is from crevices. The contribution of HC due to the screw holes also falls into this category. The combustion chamber is uneven due to the valve pockets which contribute to HC emissions for both the SI and HCCI cases due to wall quenching. Net indicated HC of the air-heated HCCI case is significantly higher compared to the other cases. Looking at the definition of net indicated specific emissions (see Appendix A) one explanation is the high lambda of the air-heated HCCI case. Also, for the residual gas enhanced HCCI cases, a fraction of the unburned gas is used again in the next cycle, having a second chance to combust. This is not the case for the air-heated HCCI case. CO emissions are a consequence of incomplete oxidation of the fuel to CO 2 . For SI combustion, the major source of CO is the air fuel ratio. Insufficient oxygen leads to high levels of CO. For the HCCI cases, CO emissions are formed due to insufficient temperature for complete oxidation to CO 2 . The exponential decrease of CO emissions with load for the HCCI cases is explained by the increased temperature with load.
The HC and CO emissions are lowest for the SI cases followed by the residual gas enhanced HCCI (with exception for the Reb1 HCCI case) and the air-heated HCCI case has the highest HC and CO emissions levels. HC and CO emissions will be discussed further in the Efficiencies subsection when discussing the combustion efficiency. 
Figure 17. NOx concentration
The net indicated specific NOx are shown only for the HCCI cases due to saturation of the measurement instrument when running the SI cases. The limitation of the measurement instrument is approximately 1430 ppm. NOx formation rate is governed by high temperatures and high oxygen concentration [18] . The NOx emissions of the HCCI cases are low, as seen in Figure 17 .
NOx emissions increase exponentially with load due to increased temperature. The NVO HCCI case suffers from pumping losses due to recompression of the hot residual gases (will be shown in the Efficiencies subsection). In order to give the same IMEPnet as the other HCCI cases more fuel has to be injected and hence the combustion temperature will be higher for the NVO HCCI case under the same IMEPnet as the other HCCI cases. NOx mole fraction is shown in Appendix B, both against IMEPnet and IMEPgross to illustrate the difference when pumping losses are excluded. The net indicated specific NOx calculation also takes differences in lambda and net specific fuel consumption into account (see definition in Appendix A). The actual mole fraction differences are small if plotted against IMEPgross. 
Figure 18. Exhaust temperature
The exhaust temperatures (Figure 18 ) of the SI cases are approximately doubled compared to the HCCI cases. The burn durations of the SI cases are longer which gives lower expansion ratio and higher exhaust gas temperatures. The SI cases are less diluted compared to the HCCI cases and the adiabatic flame temperature is thus higher. Also, the pumping losses are higher for the throttle and EIVC SI cases (will be shown in the Efficiencies subsection) which means that more fuel is needed for the same IMEPnet as the LIVC SI case.
Soot measurements were taken at 3.5 bar IMEPnet operating point for SI and NVO HCCI cases only. The soot levels were too low to be detected by the measurement system.
EFFICIENCIES
In this subsection, the combustion efficiency, thermodynamic efficiency, gas-exchange efficiency, gross indicated efficiency, net indicated efficiency and the net specific fuel consumption results will be presented and discussed. Definitions of the efficiencies are given in Appendix A. 
Figure 19. Combustion efficiency
The combustion efficiency is shown in Figure 19 . The combustion efficiency of the SI cases, run stoichiometric, is relatively unchanged with load. At 1500 rpm LIVC and EIVC SI have lower efficiency compared to the throttled SI case. At 2000 rpm the difference between SI cases are even lower. The Reb1 HCCI case combustion efficiency is higher than the NVO HCCI case and the Reb2 HCCI case has the lowest combustion efficiency of the residual gas enhanced HCCI cases. The air-heated HCCI case has the lowest combustion efficiency of all cases.
First, looking at the 1500 rpm SI cases, one explanation for the lower combustion efficiency of the EIVC SI case is partial burning due slow combustion. The burn duration and cycle-to-cycle variation figures were shown in Figure 10 and Figure 11 . Comparing the HC and CO mole fractions (see Appendix C), it is seen that the HC emissions of the EIVC SI case are the highest followed by the LIVC SI case and then the throttled SI case. Another explanation is the reduced HC oxidation due to lower expansion stroke temperature. In an article by Cleary et al. [20] it was concluded that HC emission levels were 25 % higher for the unthrottled case with EIVC VVA strategy due to lower internal residual mass and lower expansion stroke temperature. Looking at the HC mole fraction at 1500 rpm, it is seen that the HC emissions of the EIVC and LIVC SI cases are approximately 20 % higher compared to the throttled SI case. If the HC mole fraction is plotted against IMEPgross it is seen that the differences between EIVC and LIVC SI are more apparent. This is because the pumping losses of the EIVC SI case are higher which is compensated by injecting more fuel and thus increases the in-cylinder temperature for the same IMEPnet. The EIVC SI case would then have the lowest expansion temperature followed by the LIVC SI case and then the throttled SI case.
Another explanation is the peak cylinder pressure which affects the amount of fuel mass storage within crevice volumes [20] . The in-cylinder peak pressure level is reflected by the burn duration, a longer burn duration results in a lower peak pressure. The burn duration was shown in Figure 10 . It is seen that EIVC SI has the longest burn duration, followed by LIVC SI and then throttled SI, in agreement with the HC mole fraction levels. At 2000 rpm the differences in combustion efficiency between the SI cases are even lower. The HC and CO emissions are lower at 2000 rpm compared to 1500 rpm. Looking at the EIVC SI case the burn duration is longer and COV IMEPnet is higher. The lower HC and CO emissions at 2000 rpm are then not explained by reduction of partially burned cycles. In agreement with the discussion above, the in-cylinder temperature could be higher during the expansion stroke, and the burn durations are longer which results in lower peak pressures and reduced amount of fuel in crevices.
Next, comparing the combustion efficiency of the residual gas enhanced HCCI cases, the mole fractions of HC and CO emissions are the highest for the Reb2 HCCI case followed by the NVO HCCI case. For the residual gas enhanced HCCI the composition stratification near TDC can vary significantly [21] . The air-fuel ratio and temperature distribution is expected to vary depending on whether air or residual gas is used to dilute the mixture. It also varies depending on valve strategy. According to Lang et al. [22] the NVO HCCI case has the most stratified charge mixture and highest global in cylinder charge temperature followed by the Reb 1 HCCI case and then the Reb 2 HCCI case, of the residual gas enhanced HCCI cases evaluated in this study. Reb1 HCCI case has the highest combustion efficiency because HC and CO mole fractions and lambda are lower compared to the NVO and Reb2 cases.
At higher IMEPnet the differences in combustion efficiency become less apparent due to reduction of residual gas fraction. The Reb1 HCCI case has the highest residual gas fraction for a given IMEPnet. This is supported by lower lambda (Figure 14) , lower pressure derivative ( Figure 12 ) and longer burn duration ( Figure 10 ). One possible explanation for the low HC and CO emissions of the Reb1 HCCI case is then the higher, but more homogeneous, residual gas fraction. The NVO case and Reb2 case have almost the same lambda but the pressure derivative is lower and the burn duration is longer for the Reb2 HCCI case.
The pumping losses are higher for the NVO HCCI case compared to the rebreathing cases. Looking at the HC and CO mole fractions plotted against IMEPgross it is seen that the differences between NVO and Reb2 HCCI cases are small. The higher combustion efficiency of NVO HCCI compared to Reb2 HCCI is then explained by the difference in additional fuel needed for the NVO HCCI case to give the same IMEPnet. One explanation for the higher HC emissions of the Reb2 HCCI case could be leakage of fuel during the second exhaust valve open event.
The low combustion efficiency of the air-heated HCCI case is explained by the high lambda values. 
Figure 20. Thermodynamic efficiency
The thermodynamic efficiency is shown in Figure 20 . The HCCI cases have higher thermodynamic efficiency explained by the higher expansion ratio compared to the SI cases. At 1500 rpm the thermodynamic efficiency is the highest for the rebreathing HCCI cases followed by the air-heated HCCI case and then the NVO HCCI case. Variations in thermodynamic efficiency can partly be explained by variations of the specific heat ratio from the different residual gas fractions [23] . A higher residual gas fraction leads to a lower specific heat ratio and lower thermodynamic efficiency.
Too short burn duration leads to heat losses due to increased pressure oscillations from steep pressure rise rates and long burn duration leads to a decrease in expansion ratio. For the air-heated HCCI case the specific heat ratio is the highest of the HCCI cases but the problem is with heat losses due to steep pressure rise rates. For the residual gas enhanced HCCI cases the differences in thermodynamic efficiencies can be explained by both variations in residual gas fraction (specific heat ratio) and burn duration. At 1500 rpm the differences in thermodynamic efficiency correlates with the differences in burn duration but this is not the case for the 2000 rpm cases.
Comparing the 1500 rpm SI cases, the LIVC SI case has the lowest thermodynamic efficiency. This is because the air fuel mixture is pushed back into the intake manifold during a part of the compression stroke which results in cooling of the cylinder wall and then increased heat losses. There is a small increase in thermodynamic efficiency for the LIVC SI case at 2000 rpm compared to 1500 rpm explained by less cooling of the cylinder wall. The effect of engine speed on the throttled SI case thermodynamic efficiency is small in comparison. The EIVC SI case thermodynamic efficiency is lower at 1500 rpm compared to 2000 rpm. This is explained by the lower expansion ratio at 2000 rpm. The relative increase of the thermodynamic efficiency with load is higher for the EIVC and LIVC SI cases. A change of intake valve close timing towards higher loads results in an increase in the effective compression ratio. No estimations of the effective compression ratio against IVC have been made. 
Figure 21. Gas-exchange efficiency
The gas-exchange efficiency is shown in Figure 21 . It is defined as the ratio between net and gross indicated work during the complete cycle. Operating conditions with high pumping work result in a low gas-exchange efficiency.
Looking at the 1500 rpm gas-exchange efficiency, the throttled spark ignited case has the lowest gas-exchange efficiency followed by the EIVC spark ignition case. The throttled SI case obviously suffers from throttling losses over the throttle and the EIVC SI case from throttling losses because of the short valve open durations. The gas-exchange efficiency of the LIVC SI case is the highest of all cases at both 1500 rpm and 2000 rpm. The HCCI case with the lowest gas-exchange efficiency is the NVO case due to recompression of the residual gas resulting in significant heat losses. This will affect the gas-exchange efficiency because the area in the PV-diagram during the residual gas recompression and expansion would ideally be zero in absence of heat losses. But in reality, it becomes negative and lowers the net indicated work, which is the numerator in the definition of the gas-exchange efficiency (see Appendix A).
Reb1 HCCI case has lower gas-exchange efficiency compared to Reb2 HCCI case. Looking at PV-diagrams from 1500 rpm 3.5 bar IMEPnet operating condition (Figure 22 ) it is seen that the pressure levels during the exhaust stroke have similar trends for both rebreathing strategies but the intake stroke pressure level of the Reb1 HCCI case is lower which results in a larger enclosed negative area in the PV-diagram. The gas-exchange efficiency of the air-heated HCCI case is as high as the Reb2 HCCI case and LIVC SI case gas-exchange efficiencies at 1500 rpm and is lower compared to the LIVC SI case at 2000 rpm. The gross indicated efficiency is seen in Figure 23 . Looking at the SI cases, the gross indicated efficiency is the highest for the throttled SI case. At 1500 rpm the EIVC SI case has higher efficiency than the LIVC and it is the opposite at 2000 rpm. This is explained by the differences in thermodynamic efficiency.
Looking at the residual gas enhanced HCCI cases; the gross indicated efficiency is the highest for the Reb1 HCCI case explained by both the higher combustion efficiency and thermodynamic efficiency. The combustion efficiency of the Reb2 HCCI case was the lowest of the residual gas enhanced HCCI cases but the thermodynamic efficiency was higher than the NVO HCCI case. The NVO HCCI case has the lowest gross indicated efficiency of the residual gas enhanced HCCI cases. The air-heated HCCI case has the lowest gross indicated efficiency which is explained by the low combustion efficiency. For the SI cases, when the gas-exchange efficiencies of the throttled SI case and EIVC SI cases are taken into account, the differences in net efficiency compared to gross efficiency become low at 1500 rpm. The EIVC SI case has the highest efficiency, with approximately 3 percent relative improvement over the throttled SI case. At 2000 rpm, the thermodynamic efficiency of the EIVC SI case is the lowest of all SI cases (up to approximately 4.4 bar IMEPnet). Also the gas-exchange efficiency is low compared to the LIVC SI case. As a result, the net indicated efficiency of the EIVC SI case is the lowest of the SI cases at 2000 rpm. At 2000 rpm, the LIVC SI case has the highest net indicated efficiency with approximately 5 percent relative improvement over the throttled SI case.
The net indicated efficiency of Reb1 HCCI case is the highest of all cases evaluated in this study. This is explained by the thermodynamic efficiency, which also was the highest of all cases, in combination with the highest combustion efficiency of the HCCI cases. The gas-exchange efficiency was lower than the Reb2 HCCI case but higher than the NVO HCCI case.
Reb2 HCCI case net indicated efficiency is lower than the Reb1 net indicated efficiency but higher than the NVO HCCI case. Compared to the Reb1 HCCI case, the differences in net indicated efficiency are lower than the gross indicated efficiencies because the Reb2 gas-exchange efficiency is higher. Correspondingly, compared to the NVO HCCI case, the differences in net indicated efficiency are higher than the gross indicated efficiencies because the NVO gas-exchange efficiency is lower.
The net indicated efficiency of the air-heated HCCI case is higher than the NVO HCCI case at 1500 rpm but is lower at 2000 rpm because of the differences in gas-exchange efficiency.
The relative improvement of the Reb1 HCCI case is up to approximately 2 percent compared to the Reb2 HCCI case and approximately 8 and 2 percent compared to the NVO HCCI case at 1500 rpm and 2000 rpm respectively. The relative improvement of the Reb2 HCCI case is approximately 6 percent compared to the NVO HCCI case.
The air-heated HCCI case net indicated efficiency becomes higher than the NVO HCCI case at 1500 rpm because of the lower gas-exchange efficiency of the NVO HCCI case. At 2000 rpm the gas-exchange efficiency of the air-heated HCCI case is lower than at 1500 rpm. The result is that net indicated efficiency of the air heated HCCI case has the lowest net indicated efficiency of all the HCCI cases at 2000 rpm. The net specific fuel consumption is seen in Figure 25 . The net specific fuel consumption of the rebreathing HCCI cases get below 200 g/kWh at 1500 rpm. At 2000 rpm also the net specific fuel consumption of the NVO HCCI case is close to 200 g/kWh.
DISCUSSION
The compression ratio of the experimental engine used in this study is high compared to conventional SI engines and CAI engines. The higher compression ratio is expected to give higher thermodynamic efficiencies but lower combustion efficiencies due to increased fuel mass in crevices. The HCCI displacement study by Hyvönen et al. [7] , also included a comparison between two SI cases, run on the same base engine with 0.5 dm 3 cylinder displacement, with high (18:1) and standard (9.5:1) compression ratio. The high compression ratio SI case had highest net indicated efficiency due to higher thermodynamic efficiency. The net indicated efficiency was between 28-32 % at 2-4 bar BMEP for the high compression ratio case in the study, which is in agreement with the SI cases from the present study.
It is important to note that the measurements presented in this study were taken at steady state operating conditions. Any improvements in fuel consumption do not necessarily reflect numbers obtained if it would be possible to drive a complete drive cycle.
The load ranges used in this study are based on the attainable operating region for HCCI combustion. Conclusions drawn from the relative improvements of the SI cases are also drawn within this narrow interval and would perhaps have been somewhat different, if the load range had been wider.
CONCLUSIONS
Comparisons between SI and HCCI combustion using different valve strategies have been made. The combustion chamber had to be modified to get valve clearance around TDC and is not optimal for either SI or HCCI combustion. In addition, the compression ratio was high compared to conventional SI and CAI engines. Conclusions are drawn from relative magnitudes rather than absolute.
• Reb1 HCCI has the highest net indicated efficiency explained by the highest thermodynamic efficiency of all cases and the highest combustion efficiency of the HCCI cases.
• The EIVC SI case has the highest net indicated efficiency of the SI cases at 1500 rpm and the LIVC SI case has the highest efficiency at 2000 rpm. The lower EIVC SI case efficiency at 2000 rpm can be explained by lower thermodynamic and gas-exchange efficiencies.
• The relative improvement in efficiency from EIVC SI to Reb1 HCCI at 1500 rpm is approximately 20 percent and approximately 20 percent from LIVC SI to Reb1 HCCI at 2000 rpm.
• The relative improvement in net indicated efficiency of the EIVC SI case compared to the throttled SI case is approximately 3 percent at 1500 rpm. And the relative improvement of the 2000 rpm LIVC SI case compared to the throttled SI case is approximately 6 percent within the load range evaluated in this study.
• Reb2 HCCI case net indicated efficiency is lower than the Reb1 indicated efficiency but higher than the NVO HCCI case. The relative improvement of the Reb1 HCCI efficiency is up to approximately 2 percent compared to the Reb2 HCCI case and approximately 8 and 2 percent compared to the NVO HCCI case at 1500 rpm and 2000 rpm respectively. The relative improvement of the Reb2 HCCI case is approximately 6 percent compared to the NVO HCCI case.
• The air-heated HCCI case suffers from low combustion efficiency and has the lowest net indicated efficiency of the HCCI cases at 2000 rpm. At 1500 rpm the NVO HCCI case has the lowest efficiency because of low gas-exchange efficiency.
• The HC and CO emissions are lowest for the SI cases followed by the residual gas enhanced HCCI cases. The air-heated HCCI case has the highest HC and CO emissions levels. NOx levels are low for the HCCI cases. 
DEFINITIONS, ACRONYMS, ABBREVIATIONS
